Purpose: The aim of this study was to use a network meta-analysis to evaluate the relative efficacy of various agents at preventing invasive fungal infections (IFIs). In this way, suitable prophylactic regimens may be selected for patients with hematopoietic stem cell transplantation (HSCT). Methods: We conducted a systematic review of randomized controlled trials comparing the prophylactic effects of two antifungal agents or an antifungal agent and a placebo administered to patients with HSCT. Relevant studies were found in the PubMed and Cochrane databases. Unpublished studies were collected from the ClinicalTrials.gov registry. Results: Sixteen two-arm studies were identified. Compared with placebo, all six antifungal agents (amphotericin B, fluconazole, itraconazole, micafungin, posaconazole, and voriconazole) presented with greater efficacy at controlling proven IFIs. OR ranged from 0.08 to 0.29. Voriconazole (surface under the cumulative ranking curve [SUCRA]=71.6%), posaconazole (SUCRA=68.9%), and itraconazole (SUCRA=64.7%) were the three top-ranking drugs for preventing proven IFIs. Itraconazole ranked highest (SUCRA=83.1%) and had the greatest efficacy at preventing invasive candidiasis. Posaconazole and micafungin were the two topranking drugs (SUCRA=81.3% and 78.4%, respectively) at preventing invasive aspergillosis. Micafungin and voriconazole were the drugs of choice because they lowered mortality more than the other agents (SUCRA=74.6% and 61.1%, respectively). Conclusion: This study is the first network meta-analysis to explore the prophylactic effects of antifungal agents in patients with HSCT. Voriconazole was the best choice for the prevention of proven IFIs in HSCT patients.
Introduction
Invasive fungal infections (IFIs) are a major cause of morbidity and death in immunocompromised populations including patients with hematological malignancies or hematopoietic stem cell transplant (HSCT). HSCT patients are at high risk of prolonged severe neutropenia and graft-versus-host disease (GVHD). 1, 2 The aforementioned diseases and immunosuppressive agents for the treatment of GVHD are associated with high IFI rates. The all-cause mortality rate is 5% in autologous HSCT and 19% in allogeneic HSCT at 4 months after transplantation.
therapy. Thus, the risk of IFI is particularly high during the pre-engraftment and early engraftment phases in the first month after transplantation. Candida and Aspergillus are the most common fungal genera causing IFIs. 4 As IFI has a strong impact in these populations, prophylaxis must be initiated before engraftment either at the start or immediately after the end of conditioning therapy. 4 Numerous antifungal agents such as polyenes, triazoles, and echinocandins are currently available. Nevertheless, they have certain drawbacks and limitations. The polyene antifungal amphotericin B is nephrotoxic and has largely been replaced by relatively safer agents. The first-generation azoles fluconazole and itraconazole reduce morbidity in HSCT recipients and were recommended for IFI prophylaxis. However, their efficacy is constrained by poor bioavailability and/or drug-drug interactions. In contrast, the newer triazoles such as voriconazole and posaconazole have proven to be comparatively safe and efficacious. Echinocandins such as micafungin are alternative prophylactic agents. Anti-mold agents such as voriconazole and posaconazole may be preferable for patients with GVHD.
Recently, randomized controlled trials (RCTs) and meta-analyses [5] [6] [7] [8] [9] [10] [11] showed that triazoles and echinocandins significantly reduced IFIs in patients at risk of contracting them. The relative prophylactic efficacy of these agents in patients with hematological malignancies, chemotherapy, or HSCT was evaluated by three network meta-analyses. [12] [13] [14] Posaconazole is apparently the most effective prophylactic. 12, 13 On the other hand, itraconazole and posaconazole proved to be more cost-effective in a Singapore health care setting study. 14 These clinical assessments were based on patients being administered chemotherapy or HSCT. However, the clinical condition and disease severity in patients on chemotherapy were markedly different from those for patients with HSCT.
To the best of our knowledge, no similar evaluations have been conducted on more severely affected patient populations such as those with HSCT who have highly specificity and are strongly immunocompromised. Therefore, the antifungal agents most appropriate for them must be identified. A network meta-analysis integrates both direct and indirect RCT evidence by headhead comparison and relative to the comparator drugs of interest, respectively. In this manner, the relative efficacies of all interventions may be judged using a single model. 15 The aim of the present study was to compare the relative primary IFI prevention efficacies of multiple antifungal agents via a network meta-analysis. In this way, a prophylactic regimen for HSCT patients can be optimized.
Materials and methods

Inclusion criteria
RCTs were included to compare the efficacies of prophylactically administered antifungal agents against other drugs or placebo in patients who received HSCT. Studies were sought which clearly indicated patient inclusion and exclusion criteria, type of stem cell transplantation (allogeneic or autologous), the definition and evaluation of infection, and the drug administration strategy. Trials meeting at least one of the following criteria were excluded: 1) chemotherapy 2) empirical or therapeutic use 3) pediatric populations, or 4) economic studies.
Systematic search and study selection
Relevant studies published up until June 2018 were identified in the PubMed and Cochrane databases. The following Medical Subject Headings terms were used: "stem cell transplant", "prophyla*", "antifung*" OR "azole" OR "echinocandin" OR "polyene" and all antifungals on the market. Please see Table S1 for an example of the search strategy used in this study. The "related articles" option in PubMed broadened the search. All abstracts, studies, and citations retrieved were reviewed. Other studies were also identified using the reference sections of pertinent articles and through correspondence with field experts. Unpublished studies were collected from the ClinicalTrials.gov registry (http://clinicaltrials.gov/). No language restrictions were applied. The systematic review described herein was accepted by PROSPERO which is an online international prospective register of systematic reviews curated by the National Institutes for Health Research (No. CRD42018107444).
Data extraction
Baseline and outcome data were independently evaluated by two reviewers (HCS and YMH). Study designs, population characteristics, inclusion and exclusion criteria, drug administration strategies, intervention times, stem cell transplantation types, infection types, and follow-up times were extracted. The decisions recorded by the reviewers were compared and discrepancies were resolved by a third reviewer (IJF).
Methodological quality appraisal
HCS and YMH also independently assessed the methodological quality of each study using the bias risk method recommended by the Cochrane Collaboration. 16 Bias was rated as a judgment (high, low, or unclear) for individual elements in seven domains including randomization adequacy, allocation concealment, patient and outcome assessor blinding, patient information concerning study withdrawal, intention-to-treat analysis, and freedom from other biases.
Outcomes
The primary outcome was the incidence of proven IFI. For most studies, IFIs were defined and graded according to international consensus. 17 Proven IFIs met criteria which allowed them to be diagnosed with certainty. These included confirmation of the presence of fungi by tissue biopsy, needle aspiration, microbial cultures, or histological examination. Probable IFIs were defined by the presentation of host factor and microbiological and clinical criteria. Here, we focused exclusively on the proven IFI outcome to obtain precise definitions. Secondary outcomes included the incidences of invasive candidiasis (IC), invasive aspergillosis (IA), and all-cause mortality. The definitions of IC and IA used here resembled those for IFIs based on the international consensus.
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Statistical analyses
In the present study, a random-effects meta-analysis with a frequentist setting was performed in STATA v. 15.0 (StataCorp, College Station, TX, USA). Differences in study characteristics, including dosage form, regimen, and durations were combined to evaluate the summarized treatment efficacy. The heterogeneity variable τ 2 was used to estimate between-study variance in treatment effects and was assumed to be the same for all comparisons. Transitivity, a required property, was assumed in this study. It represents the difference between treatments A and B which can be validly estimated by indirect comparison. Inconsistencies between direct and indirect evidence were assessed using a design-by-treatment interaction model for the entire network test and a side-splitting model for the local test. A network plot was generated for all direct comparisons. The summarized treatment-effect estimates of pairwise comparisons were presented as OR and 95% CI. The likelihood of each rank order was estimated and presented as the surface under the cumulative ranking curve (SUCRA).
In the SUCRA plot, the horizontal and vertical axes represent, respectively, the possible rank from best to worst and the cumulative probability of being a corresponding rank order. SUCRA is the ratio of the area under the curve to the entire plot area. 
Results
Characteristics of included studies and patients
The process flow depicting the present systematic literature review is shown in Figure 1 . The initial search strategy yielded 3,040 studies. After removing duplicates, 1,473 were deemed ineligible according to the title-and abstractscreening criteria. Therefore, the full texts of 39 studies were retrieved. However, most studies were excluded from our final review because 13 included patients with hematologic malignancies receiving both transplantation and chemotherapy, four evaluated the effects of empirical treatment, one only accounted for a pediatric population, and five involved the assessment of economic outcome. Sixteen two-arm studies published between 1994 and 2016 were identified [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] of which six were open-label RCTs. 19, 20, 23, 26, 27, 29 A total of 4,961 participants were enrolled in the review ( Table 1 ). The trials were distributed across North America, South America, Europe, Asia, and Africa. Six studies included patients receiving only allogeneic HSCT. 21, 22, 24, [26] [27] [28] The times at which antifungal therapy was initiated were based on the courses of conditional therapy and occurred within 24 or 48 hrs before the onset of HSCT. Certain antifungal agents were initiated simultaneous to pre-HSCT conditioning therapy. Antifungal therapy was discontinued under any of the following conditions: <2-5 d after engraftment (defined as an absolute neutrophil count of >500 cells mm −3 after the nadir absolute count); treatment days 21-42 after HSCT; development of IFI; unacceptable drug toxicity.
Network meta-analysis
For the 16 identified studies, the seven reported arms were 1) intravenous amphotericin B, 2) fluconazole, 3) itraconazole, 4) voriconazole, 5) posaconazole, 6) micafungin, and 7) placebo. The integral network for the six antifungal agents and placebo is presented in Figure 2 . The firstgeneration azoles fluconazole and itraconazole were the most extensively studied treatments (12 reports for fluconazole and five studies on itraconazole).
Study quality
Study quality was generally moderate (Table 2) . Most trials presented with randomized procedures and allocation concealment. Nine studies had adequate randomization and sequence descriptions. In nine studies, patients were stratified by transplant, age, conditioning regimen, and donor relatedness. Ten studies were double-blind and most of them indicated the masking procedure used. On the other hand, six studies had an open-label design. Seven studies furnished no detailed descriptions on their assessor blinding method. Most of the studies used the intention-to-treat analytical method.
Proven IFI in the overall population
Thirteen studies reported proven IFI outcomes. In nine studies, the IFIs were defined and graded according to the international consensus. 19, [21] [22] [23] [24] [25] [26] [27] 29 In another seven studies, the IFIs were identified by positive culture, clinical evidence of blood or tissue infection, or biopsies. 20, 28, [30] [31] [32] [33] [34] Figure 3 shows the integrated OR of the proven IFIs and a forest plot. 19, 20, 22, 23, [26] [27] [28] [29] [30] [31] [32] [33] [34] Compared with the placebo, amphotericin B, fluconazole, itraconazole, micafungin, voriconazole, and posaconazole all had greater efficacy against proven IFIs and their OR ranged from 0.08 to 0.29. Except for posaconazole, all treatments show significantly greater efficacy at preventing proven IFIs. According to the summarized OR and SUCRA, voriconazole (SUCRA=71.6%), posaconazole (SUCRA=68.9%), and itraconazole (SUCRA=64.7%) are three top-ranking drugs for the prevention of proven IFIs, followed by micafungin (SUCRA=64%), fluconazole (SUCRA=44.9%), amphotericin B (SUCRA=34%), and placebo (SUCRA=2%) (Tables S2 and S6 ).
IC in the overall population
Combining the IC outcomes of 11 trails with seven arms, [19] [20] [21] [22] [24] [25] [26] [27] 30, 31, 33 the network meta-analysis showed consistency among the antifungal agents investigated and they all had greater efficacy at preventing IC infection than the placebo. However, only fluconazole and itraconazole displayed significantly greater efficacy than the placebo (OR=0.25, 95% CI=0.07-0.91; OR=0.12, 95% CI=0.02-0.73, respectively; Figure 4 ). Itraconazole was ranked the highest (SUCRA=83.1%) and had the strongest efficacy at preventing IC compared to the other five drugs and the placebo. Amphotericin B and fluconazole were in second and third place, respectively (SUCRA=68.2% and 53%) (Tables S3 and S7 ).
IA in the overall population
The IA outcomes of 10 identified studies are summarized. [19] [20] [21] [22] [24] [25] [26] [27] 30, 31 Figure 5 ; Tables S4 and S8 ).
All-cause mortality in the overall population
We analyzed 12 studies (730 cases) reporting overall mortality rates. 19, 21, [23] [24] [25] [26] [27] [30] [31] [32] [33] [34] Compared with patients receiving placebo, patients being administered antifungal agents presented with lower risks of all-cause mortality ( Figure 6 ). 
DovePress
The network meta-analysis and SUCRA indicated that the lowest risks of death were associated with micafungin and voriconazole relative to the other comparators (SUCRA=74.6% and 61.1%, respectively) (Tables S5  and S9 ). Figure 7 shows a scatterplot of the cumulative probabilities that each agent is the most efficacious prophylactic antifungal for both proven IF and mortality. An optimal cluster analysis indicated that micafungin, itraconazole, voriconazole, and posaconazole were clustered together in a group of agents associated with relatively lower risks of proven IF and death.
Publication bias
A funnel plot and Egger's test confirmed that there was no significant publication bias.
Inconsistency
The design-by-treatment interaction and side-splitting models identified no inconsistency factors (P>0.05 in all analyses). Thus, our network was robust.
Discussion
Several new antifungal agents were launched since the year 2000 including caspofungin in 2001, voriconazole in 2002, and posaconazole in 2006. We extensively searched databases and reports on them in the effort to determine the best therapeutic strategy for IFI. The evidence suggested that voriconazole is the most effective prophylaxis against proven IFI in patients with HSCT. In contrast, posaconazole and micafungin are relatively more efficacious at preventing IA. Itraconazole ranked highest at reducing the risks of IC and all-cause mortality. Overall, these newer antifungal agents were comparatively more efficacious at controlling proven IFI and reducing mortality.
The guidelines indicated that fluconazole is effective as a prophylactic antifungal in allogeneic HSCT patients when it is administered from the onset of conditioning therapy. [35] [36] [37] [38] [39] However, fluconazole was relatively less efficacious against certain Candida species including C. krusei and C. glabrata. Therefore, it was not recommended as a first-line preventive therapy by the Centers for Disease Control and Prevention or the American Society for Blood and Marrow Transplantation. 4 (DGHO) published that there is inadequate evidence to support the prophylactic use of itraconazole. 38 The risk of infection by molds such as Aspergillus sp. increases with the duration of neutropenia. In this condition, anti-mold agents should be considered. Various dosage forms of amphotericin B have been administered to prevent aspergillosis, but there are limited data concerning their safety and efficacy in HSCT patients. 38, 40 Voriconazole therapy proved to be as effective as that of fluconazole and itraconazole for IC prophylaxis in allogeneic HSCT recipients. 4, 35 Two of the RCTs in our network meta-analysis showed that the incidence of IFI in the voriconazole group was lower than that in the itraconazole group (1.5% vs 2.0%) and the fluconazole group (1.6% vs 3.0%) during neutropenia and GVHD after HSCT. 21, 22 Therefore, the ECIL 3 group recommended the use of voriconazole in these phases of HSCT but they assigned a provisional AI grading to it. 39 In the DGHO guideline, 38 posaconazole was given priority and preference over fluconazole in the prevention of IFI during prolonged neutropenia. However, this decision was not based on data from hematopoietic stem cell recipients. The National Comprehensive Cancer Network in Taiwan recommended fluconazole or micafungin as a first choice prophylaxis for neutropenic allogeneic HSCT patients. 36, 37 Voriconazole, posaconazole, and amphotericin B were proposed as alternatives. According to a retrospective study, micafungin proved to be as efficacious as posaconazole in patients with hematological malignancies. 4, 38 For patients with GVHD, posaconazole or voriconazole was strongly recommended. 4, 36, 37 Three network meta-analyses were recently conducted to evaluate the effects of antifungal agents for hematological patients receiving HSCT or chemotherapy. [12] [13] [14] The network meta-analysis of Zhao et al focused exclusively on azoles and comprised 21 trials. 14 The exclusion criteria were children and patients with GVHD. Only 33% of the studies consisted exclusively of HSCT patients. Posaconazole ranked highest in the prevention of IF, IA, and all-cause mortality. In 2017, two network meta-analyses explored the prophylactic effects of antifungal agents administered to hematological patients receiving HSCT or chemotherapy. 12, 13 Both studies enrolled patients with GVHD and at any age. Leonart et al focused only on RCTs while Lee et al included placebo-designed studies. Consequently, the former comprised 25 studies while the latter consisted of 54 investigations. The proportions of RCTs including patients exclusively receiving HSCT were 24% and 27%, respectively. The results for overall proven IFIs in Lee's study 12 demonstrated that posaconazole provided promising reduction (RR=0.14, 95% CI=0.05-0.36) and had the highest ranking. It was followed by micafungin, itraconazole, and fluconazole. Posaconazole was also the most efficacious at preventing IA (RR=0.13, 95% CI=0.03-0.65). Itraconazole was ranked first at preventing IC (RR=0.21, 95% CI=0.11-0.39). According to another network meta-analysis, 13 posaconazole was the best option for IFI prophylaxis and IFI-related mortality reduction and voriconazole was second best. However, the relative preventative efficacies of IA and IC reported in that study differed from those presented by Lee. The overall ranking suggests that voriconazole is the preferred choice as a prophylactic against IA and IC. The risk severity was high for our study population because they were in the queue for BMT and some of them had GVHD events. Our results were similar for those of prior network meta-analyses using IFI and IA as endpoints. Anti-mold such as posaconazole and voriconazole proved to be a priority for the prevention of IFI and IA in these patients. For IC prevention, Leonart et al advised voriconazole whereas Lee et al and the present study proposed itraconazole.
The probability ranking associated itraconazole with good prophylactic efficacy against IC. It also had positive tendencies for other endpoints. These findings corroborate those reported for other studies. 12, 14 In certain RCTs, 20, 26, 27 itraconazole has potent activity against both IF and IC. However, itraconazole capsules are contraindicated for fungal prophylaxis in HSCT recipients due to poor bioavailability, long time to achieve steady-state serum level, interactions with other drugs, and gastrointestinal side effects. 40 According to a meta-analysis, 41 IFI risk was reduced with itraconazole cyclodextrin solution but not the capsule form. In our meta-analysis, only one study involved itraconazole capsules. Therefore, the apparently outstanding efficacy of itraconazole could be explained by its high bioavailability. One of the RCTs in our study 26 strongly supported itraconazole administration.
However, possible reasons for this conclusion are as follows: 1) baseline imbalance baseline; 2) most patients were maintained on highly bioavailable intravenous itraconazole; and 3) the fungal pathogens were more resistant to fluconazole than itraconazole. We removed this RCT to eliminate its influence. Nevertheless, we obtained the same results as before.
In the present study, micafungin and posaconazole were recommended for the prevention of IA whereas posaconazole alone was advised for this purpose by Lee et al 12 and Zhao et al.
14 Posaconazole has a similar activity level against Candida spp to that of itraconazole but both are ≥8× more efficacious than fluconazole for this application. Conversely, micafungin was only weakly effective against IA. This observation may be explained by inadequate follow-up. The incidence of IA in HSCT recipients occurred particularly at pre-engraftment and 3-4 months after engraftment. 42 Nevertheless, the average follow-up time was <100 d during which time the onset of IA occurrence was probably overlooked. In the present study, there was no significant difference among antifungal agents in terms of all-cause mortality. In another two network meta-analyses, however, posaconazole was reported as the best option for mortality avoidance. 13, 14 The initiation time for antifungal agent therapy and the optimal treatment duration remain to be determined. The onset of treatment was aligned with the duration of conditioning therapy. Nine of the studies started treatment within 1-2 d before conditioning therapy began. In four investigations, patients received treatments from the beginning of conditioning therapy. The guideline recommends 90-100 d of antifungal primary prophylaxis for allogeneic HSCT. 39 A posthoc RCT analysis showed that when fluconazole was administered until day 75 post-transplant, it conferred prolonged protection against IC. 4 These duration endpoints differed from those of the studies in our metaanalysis. Unfortunately, there were too few reports available to run a subgroup analysis. To the best of our knowledge, this network metaanalysis is the first to explore the prophylactic efficacies of various antifungal agents in patients with HSCT. We endeavored to identify the best available treatment options. However, there were certain limitations. First, the best regimen was difficult to define because of discrepancies in dose and duration. Moreover, the dosage forms may have been changed according to clinical protocol or disease condition. Drug levels could have fluctuated because of relative differences in bioavailability. Second, the definition of IFI was inconsistent among the trials studied. To obtain more exact evidence, we extracted proven IFI as the primary outcome because it was defined by comparatively strict and narrow criteria. Third, HSCT type and intervention and duration timing might have influenced the prognosis. Nevertheless, we did not perform a subgroup analysis because of the small sample size.
Conclusions
The present network meta-analysis indicated that voriconazole and posaconazole are effective at preventing IFIs in HSCT recipients. The characteristics of these studies were highly variable, but the study number was too low to support the assessment of the associations between prognostic factors and outcomes. Further RCTs must be conducted to obtain more direct head-to-head evidence for these correlations.
Summary
Patients with certain types of cancers such as leukemias or lymphomas may require irradiation to destroy their diseased bone marrow so that it may be replaced either by their own or a donor's healthy bone marrow. One function of the bone marrow is to produce the cells found in blood including white blood cells, which make up part of the immune system. Until the bone marrow graft takes, the patient may have very low white blood cell counts and be susceptible to bacterial or fungal infection. These patients are particularly sensitive to airborne molds. While these may cause only mild illness in healthy people, they could be fatal in bone marrow transplant patients. Therefore, certain drugs known to prevent fungal infections are given to these patients in order to protect them from these molds. Nevertheless, the older generations of drugs either damaged other organs such as the kidneys, reacted with other drugs, or were poorly absorbed in the body. Within the past 20 years, however, new safer and more effective medications were developed for this purpose. In this study, we searched numerous articles describing the safety and effectiveness of various antifungal drugs on patients who received bone marrow transplants. Indeed, we found that the latest generation of drugs designed to prevent fungal infection generally worked better and helped reduce the death rates more than the earlier, firstgeneration medications.
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